Immobilization of unanesthetized, freely breathing, 10-12month-old, spontaneously hypertensive rats (SHR) did not significantly alter regional cerebral blood flow (rCBF) in 13 of 14 brain regions assayed, After 5 or 15 min of immobilization, rCBF was unchanged except at the frontal lobe, where it rose significantly by 21%, Furthermore, immobilization did not in crease the cerebrovascular permeability-area product for 14C-sucrose, except at three brain regions. The results indicate that immobilization of SHR does not significantly affect rCBF or blood -brain barrier permeability in most regions of the brain, and suggest that adequate autoregulation of rCBF is maintained under stress. Key Words: Cerebral blood flow and metabolism Immobilization/stress-Spontaneously hypertensive rats-Blood-brain barrier-'4C-Sucrose permeability-'4C-Iodoantipyrine.
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1978; Myers et aI., 1980) . When the four extremities are tied down, blood pressure and heart rate in crease, and plasma concentrations of epinephrine and norepinephrine rise dramatically. These re sponses to immobilization are much greater in con scious SHR than in WKY rats.
We thought it of interest to see if brain and blood -brain barrier functions would be preserved in SHR subjected to acute immobilization stress, just as these functions appear to be comparatively preserved in SHR subjected to drug-induced hypertension (see above). SHR have been taken as models for chronically hypertensive man (Yamori and Horie, 1977; . Since hypertensive individuals may have acute blood pressures that reach 300 mm Hg (Bevan et aI., 1969) , a question remains as to why such pressure elevations are not accompanied by encephalopathy.
Cerebral blood flow and metabolism are reported to be pathologically stimulated by immobilization stress of normotensive, unanesthetized, paralyzed, and artificially ventilated Wistar rats (Berntman et aI., 1977; Carlsson et aI., 1977) . On the other hand, in conscious, 10-12-month-old normotensive WKY animals, 5-15 min of four-extremity restraint does not increase rCBF (Ohata et aI., 198 1) . In order to compare SHR with the latter preparation, we ex amined 10-12-month-old SHR under identical control and immobilization stress conditions. Regional CBF was determined by infusing 14C_ iodoantipyrine intravenously and analyzing brain radioactivity after 45 s; values obtained with this method are comparable to values derived with inert gases (Sakurada et aI., 1978; Ohno et aI., 1979) . Blood -brain barrier integrity was examined fol lowing the intravenous injection of 14C-sucrose, as described by Ohno et aI. (1978) and Rapoport et aI. (1980) . This method is 100 times more sensitive than the Brain Vptake Index technique (Oldendorf, 1970) , which cannot be used to measure cere brovascular permeability to 14C-sucrose when the barrier is intact.
METHODS

Regional Cerebral Blood Flow (rCBF)
Regional CBF was measured by the method of Sakurada et aI. (1978) as modified by Ohno et aI. (1979) . Male SHR were obtained from Taconic Farms (Germantown, NY) and were adapted to the laboratory environment for at least 1 month. When tested, the animals weighed 330-390 g and were 10-12 months old. They were anesthetized with 35 mg kg-1 pentobarbital, i.p., after which polyethyl ene catheters containing 100 IV heparin and 0.009 g NaCl/ml were tied into the femoral artery and vein; the dead space of the femoral artery catheter equaled 0.0 16 cm3• The skin at the implants was sutured and infil trated with 2% butacaine sulfate (Abbott Labora tories, North Chicago, IL). The hindquarters of control animals were wrapped in a body stock ing and a fast-setting plaster bandage (Johnson and Johnson, New Brunswick, NJ) with hindlimbs and catheters protruding, after which the bandage was tied down on a lead block, and the animals allowed to recover from anesthesia for 6 h. In their harness, the conscious rats could freely move their forequarters, head, and neck, and drank water freely.
Rats that were to be immobilized were allowed to recover from anesthesia in a cage, after the right leg was bandaged to prevent removal of the catheter. 1982 Six hours later, they were placed prone on a frame and their four extremities were extended and tied down for either 5 or 15 min (see Acknowledgments) , at which time rCBF was measured. The animals struggled in the immobiliza tion frame.
About 2 min before rCBF was to be measured in control or experimental animals, the femoral artery catheter was connected to a strain gauge (Statham Instruments Co., Oxnard, CA) that led to a chart recorder, in order to record blood pressure and heart rate. In addition, a sample of arterial blood was removed for determination of Pao2, Paco2, and pH (pH-Blood Gas Analyzer, No. 213, Instrumen tation Laboratories, Lexington, MA).
Regional CBF was determined by infusing into the catheterized femoral vein an isotonic saline so lution that contained 10 ILCi ml-1 of 14C-iodo antipyrine (specific activity, 50 mCi mmol-1; New England Nuclear, Boston, MA). Tracer purity was confirmed by thin-layer chromatography on silica gel plates, for which the solvent system was a 7:3 (vol/vol) mixture of ethyl acetate and benzene. Infusion was carried out for 45 s at a rate of 1.0 ml min-1 by means of a constant flow pump (Model No. 268 1, Harvard Apparatus Co., Millis, MA). At 1-3-s intervals during infusion, 20-ILI samples of arterial blood were collected in heparinized tubes under arterial pressure at a rate of about 1.5 ml min-1 with a lag time of 0.64 s. Ten-ILl aliquots of blood were transferred to scintillation vials.
Animals were decapitated after 45 s of infusion. The skull was opened rapidly, and the brain was removed and placed on cold filter paper wetted with isotonic saline. Large subarachnoidal and dural blood vessels were removed and discarded. Brain regions were dissected out as described by . In particular, gray matter of the parietal lobe (areas 1-3 of Krieg (1947) ; average weight, 0.02 g) was removed. The tips of the frontal lobe (area 10; average weight 0. 13 g) and of the occipital lobe (areas 17, 18 and 36; average weight, 0.05 g) were removed with both white and gray matter. The corpus callosum, an example of pure white matter (average weight, 0.0 1 g), was dissected out after removing most of the cerebrum.
Brain regions were placed in tared scintillation vials that were reweighed immediately. Vials with blood or brain samples received 1.5 ml of Soluene 350 (Packard Instruments Co., Downers Grove, IL), a tissue solubilizer, and were shaken for 6 h at 60°C. Fifteen milliliters of Dimilume 30 (Packard), a liquid scintillation cocktail, were added before counting beta radioactivity with a liquid scintillation counter. In small brain regions such as the corpus callosum and parietal gray matter, relative counting errors were 5. 1% and 1.9%, respectively. Counts per min (cpm) were converted to disintegrations per min (dpm), a measure of absolute radioactivity, by using external standardization and predetermined efficiency curves.
Theory
The following expression gives the brain concen tration of 14C-iodoantipyrine, C brain (T) dpm g-l, at time T of decapitation after initiation of i. v. tracer infusion, where Cblo Od dpm ml-1 is the arterial con centration, t is infusion duration, and K is a transfer constant (see below) (Kety, 1960) :
(1) K is defined as follows, where A is steady-state tissue:blood partition coefficient, and m is a con stant approximating 1:
Rising arterial whole blood concentrations of 14C-iodoantipyrine that were measured during i. v. infusion were fitted by a nonlinear, least squares procedure with the following equation to obtain values for the constants A, B, R, D, and S (Knott and Shrager, 1972; Ohno et aI., 1979) ,
Equation 3, with the appropriate values for the constants, was inserted into Eq. 1, which then was integrated to decapitation time T to give:
Cbrain (T) equals the measured brain radioactivity minus intravascular radioactivity. The latter term equals the product of whole blood radioactivity at decapitation and regional blood volume (as pub lished for unanesthetized normotensive rats) (Ohno et aI., 1979) . K, which is the only unknown in Eq. 4, was used to provide a value for rCBF by Eq. 2, letting m = 1 and A = 0.8 for iodoantipyrine (Sakurada et aI., 1978) .
Regional Cerebrovascular Permeability-Area
Product (PA) for 14C-Sucrose
The permeability-area product for 14C-sucrose was measured as described previously (Ohno et aI., 1978; Rapoport et aI., 1980) . The animals were pre pared as they were for the measurement of rCBF. In control animals, 10 JLCi of 14C-sucrose (specific ac tivity, 4.7 mCi mmol-1; New England Nuclear) were injected as a bolus into the catheterized femo ral vein at the beginning of an experiment, whereas in the immobilized rats, the injection was made after exactly 5 min of immobilization. Following injection of tracer, 50-JLI arterial samples were removed peri odically for up to 10 min (after 15 min of immobili zation in the experimental group), at which time the animals were decapitated and their brains removed.
Plasma aliquots were obtained from centrifuged samples of arterial blood for measurement of 14C_ sucrose radioactivity, C plasma dpm ml-1, by scintil lation spectroscopy (see above). The brain was dis sected into 14 regions, which were weighed and counted for radioactivity as described above. In small regions such as the corpus callosum and parietal gray matter, relative counting errors were 21 % and 9%, respectively, whereas in larger regions they approximated 5%. Parenchymal 14C-sucrose concentration, C brain dpm g-l, was calculated by subtracting intravascular from measured brain radioactivity (see above). The permeability-area product was obtained by dividing C brain by the inte gral of the arterial plasma concentration, where t is number of seconds after i. v. injection of 14C-sucrose (Rapoport et aI., 1980) :
In addition, femoral artery blood was removed from control and immobilized rats (in the latter case, after 3 min of immobilization) for later mea surement of pH, Pao2 and Paco2 (see above). Blood pressure and heart rate also were recorded as de scribed above.
Statistical Analysis
Statistical differences between control means of physiological parameters and means during im mobilization were determined at the p = 0.05 level by Dunnett's procedure. Regression analysis was performed by routine methods (Miller, 1966) . Table 1 presents mean values for physiological parameters in control SHR and in SHR that were immobilized for 5 or 15 min. Hyperventilation dur ing immobilization caused Paco2 to fall and Pao2 to rise significantly. Arterial pH fell, probably because of blood uptake of lactic acid from active muscles and because of epinephrine-induced hepatic glycogenolysis (Goodale and Hackel, 1949) . Body temperature rose, as did heart rate. Although mean arterial blood pressure did not change after 3 min of immobilization, prior studies indicate that blood pressure rises transiently at the beginning of im mobilization . Table 2 summarizes the effects of immobilization (tying down of the four extremities) on rCBF in each of 14 brain regions. Regional CBF was unaf fected by 5 or 15 min of immobilization in 13 of the regions, and rose significantly by about 20% only at the frontal lobe.
RESULTS
Regional CBF was not correlated significantly (p > 0.05) with Paco2 in any brain region when data from control and immobilization experiments were analyzed together. On the other hand, when control data were ignored and data only from 5 and 15 min of immobilization were analyzed, rCBF correlated significantly with Paco2 (r, 0.45-0.60; p < 0.05) in 5 of 14 brain regions, namely the frontal lobe, supe rior colliculus, midbrain, pons, and medulla. The average slope for the 5 brain regions in which rCBF and P aC02 shared a significant correlation during im mobilization equaled 2.6 ml 100 g-l min-1 mm Hg-l. Table 3 presents mean values of cerebrovascular PA for 14C-sucrose, as calculated by Eq. 5, in con trol rats and in rats immobilized for 15 min. Im mobilization did not significantly modify PA except at the frontal lobe and parietal gray matter, where PA rose by about 100%, and at the corpus callosum, where PA rose to values found in gray matter. The high standard errors in Table 1 probably reflect, in part, high counting errors in the determination of brain radioactivity (see Methods).
DISCUSSION
Five or fifteen minutes of immobilization of un anesthetized SHR does not significantly alter rCBF in 13 of 14 identified brain regions. Regional CBF rises significantly only at the frontal lobe (p < 0.05), by about 20%, possibly because that region is acti vated by pain, autonomic excitation, or muscle ac tivity (the frontal cortex contains primary and supplementary motor areas) (LeGros Clark, 1932; Pick, 1970) . During immobilization, PA for 14C-SUC rose generally remains unchanged throughout the brain, and increases slightly and significantly only at 3 of 14 regions.
Comparison of the physiological parameters in SHR under control conditions (Table 1) with pa rameters in age-matched WKH rats under identical control conditions (Ohata et aI., 198 1) shows that systolic blood pressure is elevated in control SHR (179 ± 3 mm Hg, compared to 127 ± 2 mm Hg in the WKY strain), and that heart rate is elevated in con trol SHR (444 ± 8 beats min-1, compared to 333 ± 8 beats min-1 in WKY rats). For both SHR and WKY rats, however, the control condition of the present experiment probably represents a partially stressed state because even minimal handling of these rats a Each value is the mean ± SEM for the number of animals indicated in parentheses.
" Differs from control mean (p < 0.05). augments plasma catecholamines, heart rate, and blood pressure, compared to rats in the free-running state Myers et aI., 1980) . Under the given control conditions, frontal lobe rCBF is comparable to rCBF found by H2 clearance in conscious, 10-month-old SHR (Yamori and Horie, 1977) . Furthermore, at most brain regions, values for control rCBF in SHR do not differ sig nificantly from values in WKY rats measured under identical control conditions, being less only at white matter and midbrain (p < 0.05) (Ohata et aI., 198 1) . On the other hand, control rCBF values in both SHR (Table 2) and WKY rats generally are less, by as much as 50%, than those in unanesthetized, 3month-old Sprague-Dawley or Osborne-Mendel rats (Sakurada et aI., 1978; Ohno et aI., 1979) . The latter differences could reflect differences in strain, age (the WKY and SHR animals were 10-12 months old), or experimental environment. Overall cerebral metabolism may fall by as much as 40% when envi ronmental auditory and visual stimulation is re duced (Bryan et aI., 198 1; London et aI., 198 1) .
In the 5 of 14 brain regions in which rCBF is correlated significantly with Paco2 during 5 and 15 min of immobilization, the average slope relating these parameters equals 2.6 ml 100 g-l min-1 mm Hg-l and is within the published range, namely 1.5-4.9 ml 100 g-l min-1 mm Hg-l (Eklof et aI., 1973; Hernandez et aI., 1978; Siesjo, 1978) . The insignificant correlation between rCBF and Paco2 in the other brain regions may reflect the narrow experimental range of Paco2 in the present experi ments, or the tendency for rCBF to increase during immobilization by as much as 5 ml 100 g-l min-I, due to a temperature elevation of 0.8-1.0°C (Table  1) (Carlsson et aI., 1976; Siesjo, 1978) .
Frank but reversible opening of the blood -brain barrier augments cerebrovascular PA for l4C_ sucrose from about 1.2 x 10-5 sec-l to 12-24 x 10-5 sec-l (Rapoport et aI., 1980) . Such an extensive increase does not occur in the significantly affected regions of immobilized SHR, where maximal .p A does not exceed 2.5 x 10-5 sec-! (Table 3) . Fur thermore, the slight increases found in those re gions, particularly at the frontal lobe, could reflect an increased capillary surface area (A) due to aug mented rCBF and capillary recruitment (Crone, 1980) , rather than an elevated vascular permeability (P) for 14C-sucrose. When calculating PA by Eq. 5, regional blood volumes from Osborne-Mendel rats (Ohno et aI., 1979) were employed to obtain C brain' The possible error caused by this assumption would not affect the conclusions of this paper. For example, it can be shown that if assumed regional blood volume were elevated by 0.5% of brain volume at the frontal lobe, PA in control and in 15-min-immobilized animals would equal 0.6 1 ± 0. 17 x 10-5 secl and 1.6 1 ± 0.35 x 10-5 sec-l, respectively, compared to respective values in Table 3 of 1.02 ± 0. 15 x 10-5 sec-l and 1.99 ± 0.35 x 10-5 sec!. On the other hand, if blood volume were reduced by 0.5% of brain volume, PA would equal 1.43 ± 0. 14 x 10-5 secl and 2.37 ± 0.35 x 10-5 sect, respectively. Although the absolute values for PA are changed by assuming different values for regional blood volume, the statistical significance of the difference between control and immobilization values is not altered at the frontal lobe nor at any of the brain regions that were examined.
IS
In summary, tying down of the four extremities of SHR does not significantly alter rCBF and cere brovascular permeability in most brain regions that are examined. The results are comparable to obser vations in conscious WKY animals (Ohata et aI., 198 1) , and although they are possibly related to cerebrovascular structural changes that resist hypertension-induced vasodilatation (Nordborg and Johansson, 1980) , they may have other explana tions. For example, the hypocapnia that accom panies hyperventilation during immobilization would tend to vasoconstrict cerebral vessels and counter the tendency for hypertension-induced forced vasodilatation (Johansson et aI., 1974; Johansson and Nilsson, 1979) . In addition, vaso constriction induced by activation of sympathetic nerves from the superior cervical ganglion during stress may help to maintain autoregulation despite acute hypertension (Edvinsson and MacKenzie, 1977) .
J Cereb Blood Flow Metabol, Vol. 2, No.3, 1982 Stress or exercise can increase systolic blood pressure to 240 mm Hg in normotensive humans and to 300 mm Hg in subjects with benign essential hypertension, without producing encephalopathy in either case (Bevan et aI., 1969) . These observations would appear to contradict the report that the upper limit of autoregulation, as measured during angiotensin infusion, is about 150 mm Hg in nor motensives and about 200 mm Hg in hypertensives (Johansson et aI., 1974) . As suggested by Edvinsson and MacKenzie (1977) , however, the upper limit of autoregulation must be increased pari passu with hypertension during stress, probably by concurrent activation of sympathetic nerves to the cerebral ex planation. This mechanism could account, in part, for the absence of evidence of encephalopathy in stressed, conscious, SHR as well (cf. Johansson and Nilsson, 1979) . Indeed, interruption of sympa thetic innervation to the cerebral vasculature of rats increases blood -brain barrier vulnerability to acute hypertension, whereas electrical stimulation re duces this vulnerability (Bill and Linder, 1976; Bill et aI., 1977) .
